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Abstract The distribution of most recently discovered or described lemur species
remains poorly known, but many appear to have small geographical ranges, making
them vulnerable to extinction. Research can contribute to future conservation actions on
behalf of these species by providing accurate information on local distribution and
abundance. The distribution of the world’s smallest primate, the endangered Madame
Berthe’s mouse lemur (Microcebus berthae), is limited to the Menabe Central region of
western Madagascar. This species was discovered in the 1990s, but many fundamental
aspects of its ecology remain unknown. The aims of our study were therefore to
determine the actual distribution ofMicrocebus berthae across the forests of this region,
to estimate population density, and to examine the species’ response to anthropogenic
activities. We established 35 1-km line transects across Menabe Central, on which we
surveyed mouse lemurs by distance sampling and live trapping. Microcebus berthae
does not occur in all remaining forests of this small region and its population density is
highly heterogeneous, both across its geographic range and locally. Within its area of
occupancy, the population ofMicrocebus berthae not only was distributed according to
spatial heterogeneities of the habitat, but also responded to anthropogenic disturbances
and varied seasonally. Our results indicate that Microcebus berthae is susceptible to
habitat degradation and avoids human environments spatially. As none of the forest
remnants in which the species still occurs were officially protected until recently,
immediate conservation actions should focus on effectively protecting Kirindy and
Ambadira forests.
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Introduction
Madagascar is a global conservation priority owing to the island’s exceptionally high
rates of endemism and considerable anthropogenic threat (Mittermeier et al. 1992;
Myers et al. 2000). Slash-and-burn agriculture to create areas for subsistence agricul-
ture or cattle (zebu) pasture and associated habitat fragmentation represent the major
processes affecting Madagascar’s natural forests (Green and Sussman 1990; Irwin and
Raharison 2009). These activities have contributed to a reduction of species diversity
across all taxa, with characteristic species turnovers from specialists to generalists and
from endemics to non-endemics (Irwin et al. 2010).
Lemurs are considered the most threatened mammals in the world (Schwitzer
et al. 2013). Lemur species numbers have multiplied over the past two decades,
largely as a result of taxonomic revisions based on genetic studies (Markolf
et al. 2011). Mouse lemurs of the genus Microcebus account for much of that
increase, with 21 species presently recognized, most of which inhabit very
restricted biogeographic ranges and are therefore highly vulnerable to extinction
(Andriantompohavana et al. 2006; Kappeler et al. 2005; Louis et al. 2006,
2008; Olivieri et al. 2007; Radespiel et al. 2008, 2012; Rasoloarison et al.
2000, 2013; Yoder et al. 2000). The distribution and conservation status of a
majority of newly discovered species remain poorly known, however, as there
is a lack of studies assessing lemur ecology and population characteristics
across disturbance gradients (Irwin et al. 2010).
The western dry deciduous forests of Madagascar are particularly distinctive in
terms of high numbers of relict taxa, level of endemism, and intense anthropogenic
pressure. These forests are considered one of the world’s most biologically valuable
Global 200 ecoregions (Olson and Dinerstein 1998) and one of the most threatened
ecosystems globally (Ganzhorn et al. 2001).
The largest remnant of Malagasy dry deciduous forest is located in the region of
Menabe Central (Fig. 1), which is bound to the north and south by the rivers Tsirihibina
and Morondava, respectively (Smith et al. 1997; Sorg et al. 2003). This area of ca.
65,000 ha outranks other Malagasy forests by an exceptionally high rate of local
endemism as well as by severe anthropogenic disturbances (Mittermeier et al. 1992,
Myers et al. 2000). The rural human population, comprising several ethnic groups,
affects this unique ecosystem via various types of activities (Scales 2012). Forest cover
is being reduced by slash-and-burn agriculture, and illegal logging transforms pristine
habitat to secondary forest formations, scrub, and savanna (Sorg et al. 2003; Zinner and
Torkler 2005; Zinner et al. 2013). Fragmentation has resulted in three major forest parts
of heterogeneous quality.
The two largest remnants, Ambadira and Kirindy Forest, are separated by land
cleared over the past decades and are at present connected only by a narrow corridor
5–7 km wide. Although never effectively protected, Ambadira Forest is only moder-
ately accessed by humans and considerable areas of near primary forest persisted
(Smith et al. 1997). In Kirindy Forest, illegal activities are limited by the presence of
a forestry concession of the Centre National de Formation, d’Étude et de Recherche en
Environnement et Foresterie (CNFEREF), and the research station of the German
Primate Center (DPZ: Kappeler and Fichtel 2012; Sorg et al. 2003). The only protected
area in Menabe Central, Andranomena Special Reserve, has lost more than two-thirds
558 L. Schäffler, P.M. Kappeler
of the original forest cover since the park’s creation in 1958 and is now largely isolated
from the other forest parts (Randrianandianina et al. 2003). The Ambadira–Kirindy
corridor and Andranomena SR are particularly prone to disturbances owing to their
close proximity to villages. Roads cut into the forest for former oil explorations and
timber harvesting facilitate public access and exploitation, such as hunting for birds or
mammals and the collection of forest products, threatening the survival of endemic
species (Réau 2002; Smith et al. 1997; Sorg et al. 2003). Menabe Central has therefore
Fig. 1 Representation of the regional distribution of Microcebus berthae across Menabe Central based on
distance sampling and live trapping on line transects during dry and rainy season surveys in Menabe Central
from 2003 to 2007.
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top conservation priority within one of the “hottest biodiversity hotspots” in the world
(Myers et al. 2000).
One of the locally endemic species is Madame Berthe’s mouse lemur (Microcebus
berthae). This species was discovered in 1992 (Rasoloarison et al. 2000; Schmid and
Kappeler 1994) and represents the smallest primate of the world with an average adult
mass of only 33 g. The range ofMicrocebus berthae is among the most restricted of all
mouse lemur species (Rasoloarison et al. 2000; Schwab and Ganzhorn 2004). Within
its range, it occupies only habitat patches exceeding 30,000 ha (Ganzhorn et al. 2003).
Microcebus berthae is an ecological specialist with a narrow feeding niche (Dammhahn
and Kappeler 2010), and all mouse lemur species face intense predation pressure by
nocturnal and diurnal raptors, snakes, and carnivorous mammals (Dammhahn and
Kappeler 2008; Goodman 2003; Goodman et al. 1993; Rahlfs and Fichtel 2010;
Scheumann et al. 2007). As a locally endemic specialist with a small biogeographic
range that is subject to intense anthropogenic pressure, Microcebus berthae meets the
conditions for critical conservation (Myers et al. 2000) and qualifies as a charismatic
flagship species. However, many fundamental ecological aspects remain unknown; in
particular, detailed information on the population size and structure is lacking. In this
study, we determined the spatial distribution and abundance of Microcebus berthae




All research reported in this article is in compliance with animal care regulations and
applicable national laws of Germany and Madagascar. All research protocols were
approved by the appropriate Animal Use and Care committees of Germany
(Bundesamt für Naturschutz, BfN) and Madagascar (Ministère de l’Environment et
des Eaux et Forêts, MINEEF).
Lemur Surveys
We established 35 1-km line transects, which were evenly distributed to the extent
deemed feasible in the abovementioned forest parts: in total, we sampled 19 transects in
Kirindy, 6 in Ambadira, 6 in the corridor connecting the two regions, and 4 in
Andranomena SR. As sampling transversally is not possible in dense dry deciduous
forest, we used former logging trails or abandoned oil exploration tracks as transects,
which ranged between 1 and 3 m in width. We conducted 4 dry season surveys along
34 of these transects (June–September in 2003, 2004, 2006, 2007), and 2 rainy season
surveys along 25 transects (February–April and October–December 2007). During
each survey, we appraised the population of Microcebus berthae on 13–23 transects
by distance sampling and sampled the majority of transects twice per survey and
several times over subsequent surveys, amounting to a total of 150 1-km samples.
All transect walks were conducted between 18:00 h and 20:30 h to control for circadian
variation in lemur activity. Two observers slowly walked along each transect,
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attentively searching for lemurs, with a walking pace standardized to ca. 1 km/h, but
locally adjusted to habitat and sighting conditions. Detected individuals were identified
to the species level and each observer estimated the perpendicular distance from the
transect line independently to warrant reliability (Buckland et al. 2001).
In addition, we captured lemurs by systematic live trapping along transects to
reconfirm the species’ presence/absence pattern. Trapping involved baiting 41 small
Sherman live traps (type Sherman LFA: 3 × 3.5 × 9″) set every 25 m and 21 larger live
traps every 50 m (type Sherman XLF15: 4 × 4.5 × 15″). All 62 traps were set
simultaneously on each transect for three consecutive nights. We started trapping in
the dry season 2004, and subsequently trapped on 11–15 transects during each survey,
resulting in 63 line-trapping bouts. All captured individuals were briefly restrained and
immobilized with Ketanest 100, identified to species level, and a set of standard field
measurements (Rasoloarison et al. 2000) and tissue samples in form of small ear
biopsies were taken for analyses to be reported elsewhere. All subjects were released
at the site of capture shortly before dusk at the same day. As we did not obtain the
required permit for Andranomena SR, we conducted live trapping only in Ambadira,
the corridor, and Kirindy.
Habitat Classification
To take differential habitat suitability and disturbance levels into account, we assessed
the degradation of the forest surrounding each transect based on stand and understory
density, canopy height and cover, as well as decades of combined familiarity with this
region and its forests. Our ground-based appraisal of forest quality allowed for reliable
classification only into non-degraded and degraded habitat. The two categories broadly
matched with a forest classification based on a Landsat ETM 7 satellite image (Zinner
and Torkler 2005; Fig. 1) and we therefore consider them reliable.
Data Analyses
We estimated population densities in DISTANCE 6.0 (Thomas et al. 2009) based on
distance sampling data. Assuming that the detection probability on the transect line
equals 1, DISTANCE fits a detection function to the histogram of observed distances
and compensates for missed detections as well as for failed identification at greater
distance from the transect. To validate distance data, we visually inspected detection
curves of identified and non-identified objects, i.e., the distribution of detection events
plotted against perpendicular distance from the transect line, and corrected for short-
comings by appropriate data handling. One basic assumption of distance sampling is
the distribution of transects across the entire habitat, rather than exclusively along trails,
as edge effects may corrupt density estimation (Buckland et al. 2001). Small sample
sizes prevented a direct test of varying transect widths on the encounter rates of
Microcebus berthae, but we could rule out an effect in closely related gray mouse
lemurs (Microcebus murinus; Schäffler 2012) and transect type did not have any
influence on encounter rates in other cheirogaleids (Johnson and Overdorff 1999;
Lehman 2006).
Encounter rates did not differ significantly between repeated transect walks within
single surveys in any of the study regions, or between replicate surveys within the same
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season; neither did we find differences in encounter rates between years, or between
seasons in Kirindy Forest (Schäffler 2012). Moreover, encounter rates during the late
rainy season did not differ from those of the early rainy season (Wilcoxon signed-ranks
test: Z = –0.282, N = 16, P = 0.778). We therefore pooled encounter rates over repeated
transects walks and over consecutive surveys.
Density Estimation in DISTANCE 6.0
The detection function depends on a species’ visual conspicuousness as well as on
sighting conditions, which can differ considerably in deciduous habitats. To account for
seasonal differences in detection probabilities and potential temporal heterogeneities in
lemur distribution, we calculated the detection function for dry and rainy season
separately by including “season” as a covariate in the multiple covariate distance
sampling engine (MCDS; Thomas et al. 2010). Transects represented “samples” in
DISTANCE, surveys were treated as “strata,” and all samples across Menabe Central
were embodied in the “global level.”
After data exploration, we appropriately grouped raw distance data and discarded
the largest 5% to offset shortcomings, such as accumulation of estimated perpendicular
distances at 5 m, 10 m, 15 m, and 20 m, as well as outliers detected at great distances
from transect lines (Buckland et al. 2001). The size of distinct forest regions were set to
200 km2 for Ambadira, 35 km2 for the corridor, 200 km2 for Kirindy (125 km2 in the
dry season 2003 survey), and 65 km2 for Andranomena SR. As our reliability analyses
justified pooling of repeated transect walks, we entered cumulative counts per transect
and corrected for sampling effort. Both models provided in MCDS (half-normal and
hazard-rate key functions) were tested with all available series expansions. Models
were chosen by visual inspection of the detection function’s fit to histograms of
distance data and by lowest Akaike’s information criterion (AIC; Buckland et al.
2001). Population densities and encounter rates were estimated in DISTANCE by
survey unit (stratum level) and for the entire survey (global level). To obtain regional
density estimates, we calculated means of survey-wise density estimates given by
DISTANCE for each of the forest regions and for dry and rainy season respectively
(Thomas et al. 2010).
Determinants of Spatial Distribution and Abundance
We conducted further analyses based on encounter rates, as they are based on fewer
assumptions than density estimates. We analyzed the regional distribution of
Microcebus berthae for impacts of habitat degradation and human frequentation. Dry
and rainy season data were analyzed separately to document responses to temporal
variations in food supply.
To describe the regional population distribution of Microcebus berthae in Menabe
Central, we examined the species’ distribution across the four distinct forest parts. We
tested specific encounter rates by season for differences between the regions (Kruskal–
Wallis ANOVA). In total, we surveyed 34 single transects during the dry season (Ambadira
N = 5, corridor N = 6, Kirindy N = 19, Andranomena N = 4), and 25 during rainy season
surveys (Ambadira N = 4, corridor N = 6, Kirindy N = 11, Andranomena N = 4).
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To quantify the influence of habitat suitability on population densities, we
tested specific encounter rates by season for differences between degraded and
non-degraded habitat (Mann–Whitney U-test). In addition, we examined the
proportions of transects in degraded and non-degraded habitat on which
Microcebus berthae was present/absent. We tested 16 dry season transects in
non-degraded and 18 in degraded habitat, as well as 11 in non-degraded and 14
in degraded forest transects surveyed during the rainy season for differences in
the proportions of transects colonized (χ2-test).
Under the assumption that human impact is strongest close to villages and
declining with increasing distance, we used the distance to the closest village as
an inverse proxy for anthropogenic influence. Spearman rank correlations
assessed the relationship between Microcebus berthae encounter rates and the
distance of transects from the next village separately for each season (dry
season N = 34; rainy season N = 25). To exclude redundancy of variables,
we tested degraded and non-degraded habitat transects for differences in dis-
tance from the nearest village (Mann–Whitney U-test).
Density estimates based on capture rates do not reflect true population
densities for several reasons. First, food availability determines trapability.
Trapping success in lemurs rises with decreasing productivity (Lahann et al.
2006), and increased trapability in less productive areas may compensate for
low population sizes. In response to a seasonal increase in resource abundance,
mouse lemurs enter traps less frequently during the rainy season (Ganzhorn and
Schmid 1998). Second, habituation to traps may cause bias. As our trap lines
ranged from frequently baited to never sampled before, capture data were not
suited for population density estimates and were consequently employed only to
reaffirm the observed presence/absence pattern.
Results
Survey Results
We detected 109 Microcebus berthae individuals and recorded a gradient in
regional abundance across forest regions: We encountered most individuals in
Ambadira, considerably fewer in the corridor and in Kirindy Forest, and the
species was virtually absent from Andranomena Special Reserve (with only a
single detection). However, regional differences in Microcebus berthae encoun-
ter rates were not statistically significant during either the dry (Kruskal–Wallis
test: H(3, N = 34) = 4.080, P = 0.253) or the rainy season (H(3, N = 25) =
4.246, P = 0.236).
Microcebus berthae was present only on a fraction of our line transects. During the
dry seasons, we encountered Microcebus berthae on 50% of surveyed transects (N =
34) and on only 40% during rainy seasons (N = 25). The area of occupancy was
considerably smaller than previously assumed based on geographic range borders
(Fig. 1), and the extent of occurrence therefore does not allow us to infer the species’
global population size.
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Distance Samples
Appropriate grouping and truncation of outliers fixed shortcomings of data, and
detection curves of identified objects subsequently conformed to the shape
criterion, one of the major assumptions of distance sampling (Buckland et al.
2001; Fig. 2). Detection curves of non-identified Microcebus allowed us to
compensate for failed identifications in the same way as missed detections in
DISTANCE.
Population Density Estimation
Sample sizes of Microcebus berthae exceeded the 60–80 detection events required for
density estimation (Thomas et al. 2010), and distance data allowed for a good fit of
detection functions. Rainy season detection probabilities were generally lower than in
the dry season and declined more rapidly with increasing distance from the transect line
(Fig. 2). The derived hazard-rate model provides a good fit of the detection function to
genuinely spiked data (Buckland et al. 2001). Lowest AIC affirmed best fit of the
hazard-rate key function to Microcebus berthae distance data, whereas none of the
series expansions improved model fit.
Hazard-rate key function: 1−exp − xσ zð Þ
 −b 
Parameter values for distance data for Microcebus berthae:
x = 11 m distance from transect line
b = 2.519 power parameter
σ = 3.618 scale parameter, controlling the width of the detection function;
is modeled as an exponential function of the covariates:
σ zð Þ ¼ β0*exp β1z1 þ β2z2 þ β3z3ð Þ
β0 intercept of the scale parameter σ
z covariate = 0.02974
β covariate parameters
Population densities of Microcebus berthae across Menabe Central were estimated by
DISTANCE to 80.3 individuals/km2 (39.23% CV). Multiplying by the sampled area of
500 km2 yields a total population size of ca. 40,000 individuals. For a rough impression
of the species’ regional distribution, see unweighted means of stratum level density
estimates per forest regions (pooled within seasons over repeated surveys) in Table I.
Determinants of the Regional Distribution of Microcebus berthae
In the rainy season, we found a non-significant trend towards higher encounter rates on
non-degraded than on degraded habitat transects (Mann–Whitney U-test: MWU11,14 = –
2.199, P = 0.051). Dry season encounter rates did not differ between non-degraded and
degraded habitat (MWU16,18 = –0.997, P = 0.365; Fig. 3). In either season, Microcebus
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berthae was present on the majority of transects in non-degraded forest, but only on a
small number of transects in degraded habitat (Fig. 4). In line with encounter rates, the
proportions of transects occupied by Microcebus berthae in non-degraded and degraded
habitat differed only during the rainy (chi-squared test: χ2 = 4.573, df = 1, P = 0.032), but
not during the dry season (χ2 = 1.889, df = 1, P = 0.169). Line trapping reconfirmed the
observed distribution pattern and supported the species’ essential confinement to non-
degraded habitat. With respect to anthropogenic environments, we encountered
significantly more Microcebus berthae with increasing distance from villages during
the dry season (Spearman’s rank correlation: r = 0.529, N = 34, P = 0.001), but not
during the rainy season (r = 0.268, N = 25, P = 0.098). Non-degraded and degraded
Table I Population density estimates forMicrocebus berthae by forest region and season; unweighted means
of survey-wise density estimates per forest part for Ambadira (2004–2007) and Kirindy Forests (2003–2007),
and survey-wise density estimates for the corridor sampled once per season in 2007
Forest region Season Density of Microcebus
berthae (individuals/km2)
SD N (surveys)
Ambadira Dry 94.6 60.8 2
Rainy 180.5 145.9 2
Kirindy Dry 54.8 27.1 4
Rainy 57.3 16.2 2
Corridor Dry 68.8 0.0 1
Rainy 34.4 0.0 1
Fig. 2 Distance data forMicrocebus berthae after removal of outliers (gray bars; N = 101) and corresponding
detection functions (fitted in DISTANCE 6.0: black lines) during dry and rainy season surveys in Menabe
Central from 2003 to 2007.
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Fig. 3 Encounter rates of Microcebus berthae in non-degraded and degraded habitat during four dry season
(2003, 2004, 2006, 2007; hatched bars; N = 34) and two rainy seasons (both in 2007; gray bars; N = 25)
surveys in Menabe Central.
Fig. 4 Number of transects in non-degraded (dark gray) and degraded habitat (light gray) on which
Microcebus berthae was present/absent during four dry (2003, 2004, 2006, 2007; N = 34) and two rainy
seasons (both in 2007; N = 25) surveys in Menabe Central.
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habitat transects did not differ significantly in distance from the nearest village (MWU16,19
= –1.457, P = 0.145).
Discussion
Spatial Distribution and Abundance
The regional distribution of Microcebus berthae across forest regions and across
transects reflected high ecological specialization and confirmed this species’ sensitivity
to anthropogenic disturbances, as it was virtually absent from Andranomena SR and
west of the Route National 8. Anthropogenic impact on the forest has been most severe
in the southwestern part of Menabe Central (Smith et al. 1997), where the Route
National traverses the forest and inhabitants of several villages harvest or clear the
forest for subsistence (Réau 2002). Low forest accessibility combined with relatively
low human population densities may explain why Ambadira Forest is the major
stronghold of Microcebus berthae despite a lack of effective protection. Our overall
density estimate of 80 individuals/km2 for Menabe Central is likely to be reliable, but
estimates for particular forest parts should be regarded with caution as they represent
unweighted means of survey-specific results.
As in other vertebrate specialists with narrow ecological niches (Swihart et al. 2003,
2006), population densities of Microcebus berthae were highest in most suitable core
areas in greater distance from its range boundary. Both distance sampling and line
trapping revealed that only a fraction of transects were colonized and the population
was confined largely to non-degraded habitat. During the rainy season, a majority of the
population concentrated in non-degraded habitat, where increases in carrying capacity
are presumably most pronounced. In addition, intact habitat may provide structural
characteristics that are of particular significance for breeding in the rainy season (liana
and a high herb layer cover required for nest building: Rendigs et al. 2003). During the
dry season, the population appears to spread out to degraded habitat. This is in
accordance with the compensation of resource scarcity by feeding on secretions of
homopteran larvae (Dammhahn and Kappeler 2008, 2010), which aggregate along
forest edges (Corbin and Schmid 1995). The vicinity of villages negatively affected the
distribution of Microcebus berthae predominately during the dry season, when in-
creased forest accessibility is assumed to favor human frequentation (Smith et al.
1997).
We can rule out two alternative explanations for the divergent results from the rainy
and the dry season: First, rainy season foliage should hamper visibility more drastically
in non-degraded than in degraded habitat. However, we encountered more Microcebus
berthae and the species was present on a higher number of transects in non-degraded
habitat during the rainy season. The vicinity of villages should not have any effect on
detectability as degraded and non-degraded habitat transects did not significantly differ
in distance from the nearest village. Second, an increase in population density after the
breeding season should not be limited to non-degraded habitat. Moreover, we conduct-
ed our two rainy season surveys before and after the birth season, respectively, and did
not find differences between pre- and post-birth season encounter rates. The observed
seasonal differences are therefore most likely explained by local movements of
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individuals, which are a widespread response of mammalian dietary specialists that
need to cope with seasonally dry tropical forests (Stoner and Timm 2011). In conclu-
sion, Microcebus berthae appears not only to respond to pronounced spatial heteroge-
neities, but also to track temporal heterogeneities in resource supply as well as in
anthropogenic disturbances across its area of occupancy.
Threats to the Persistence of Microcebus berthae
Sensitivity to fragmentation is evident in Microcebus berthae as viable populations are
supported only in the core areas of large fragments in Menabe Central, and the species
is therefore at major risk of extinction (Gibbons and Harcourt 2009). Lemurs disappear
from fragments of decreasing size in predictable sequence (Ganzhorn 1999; Ganzhorn
and Eisenbeiß 2001; Ganzhorn et al. 1999; Irwin and Raharison 2009; Irwin et al.
2010), and, once lost, do not reappear in impoverished communities (Ganzhorn et al.
2003).
Given the species’ susceptibility to anthropogenic disturbances, it is imperative to
prevent further forest loss, fragmentation, and degradation of remnant habitat to
preserve the exceptional lemur diversity of Menabe Central. This urgently requires
implementation and effective control of the new protected area status for Menabe
Central. Conservation actions should focus on Kirindy and Ambadira forests, as well
as on the corridor in order to prevent isolation of individual habitat patches. As species
collapses in Madagascar have been documented even in relatively large forest stands, in
which fragmentation and forest edges were not yet obvious (Ganzhorn et al. 2001),
populations should also be continuously monitored to determine viability and to
distinguish them from remnant or sink populations (Irwin et al. 2010).
In the long run, protection of remnant forest cover will not be sufficient to maintain
Menabe Central’s exceptional biodiversity as complete isolation prevents the great
majority of species from shifting their ranges in response to global warming (Soulé
et al. 2004). Habitat connectivity is of prime importance for ecosystem resilience in
view of climate change, but dry forest restoration in Madagascar is highly challenging
not only because of sociopolitical factors: Secondary dry forests are characterized by
vegetation comprising a subset of the original flora that relies predominately on wind
dispersal, and habitat content is relatively inhospitable to animals and more deciduous
than forests that have succeeded through vertebrate seed dispersal (Janzen 1988).
Climate change will further aggravate the inherent aridity (Hannah et al. 2008) that
hampers natural regeneration of endemic wood taxa (Hunziker 1981, in Réau 2002).
Our extensive line transect survey proved appropriate for large-scale population
assessments of small arboreal primates and for thorough analyses of species distribution
and abundance. Many of the earlier lemur surveys aimed to generate species invento-
ries (Rakotoarison et al. 1993; Thalmann and Rakotoarison 1994) or to confirm the
occurrence of species (Rakotonirina et al. 2013). Rapid assessments and the use of
simple presence/absence or count data prevented density estimation in most cases
(Hawkins et al. 1998), and only few studies investigated the relationship between
lemur distribution and environmental or anthropogenic factors (Hawkins et al. 1990;
Sterling and Ramaroson 1996). Our presence/absence data from visual detections and
live trapping on line transects were useful to determine our focal species’ area of
occupancy within the presumed geographic range borders, but only the analysis of
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transect specific encounter rates revealed the highly heterogeneous distribution of
Microcebus berthae and allowed us to understand the spatial population structure
against the backdrop of anthropogenic disturbances. In contrast to earlier population
density estimates, which were mostly based on strip sampling (Irwin et al. 2001, 2005;
Sterling and Rakotoarison 1998; cf. Banks 2002; Kelley et al. 2007), our modeling of
line transect detections in DISTANCE provides an advanced estimate of mean popu-
lation density across the species’ entire biogeographic range, and consequently of total
population size. Moreover, with >100 detections, our long-term survey prepared the
ground for continued population monitoring of Microcebus berthae. With a specific
mean detection rate of 0.6 individuals/km, >100 km of transect walks were necessary to
obtain the minimum number of detections required for fitting a detection function in
DISTANCE (Thomas et al. 2010). Distance data from subsequent rapid surveys can
now be added to our database to estimate survey-wise population densities at reason-
able costs. However, unfortunately, there are no shortcuts for similar future studies of
other species unless encounter rates are considerably higher than in Microcebus
berthae.
Acknowledgments This study was completed with financial support from the German Primate Center
(DPZ), Primate Conservation (PCI), Margot Marsh Biodiversity Foundation (Conservation International),
Durrell Wildlife Conservation Thrust (DWTC), and with authorization by the CAFF/CORE committee and the
National Association for the Management of Protected Areas (ANGAP). We thank Nielsen Rabarijaona,
Rémy Ampataka, Raza Rakotonirina, Jean-Pierre Tolonjanahary, and Tiana Andrianjanahary for their expert
assistance and outstanding commitment to the surveys and Léon Razafimanantsoa and Rodin M. Rasoloarison
for logistic support during fieldwork. Data analyses benefitted from fruitful discussions with Hans-Rolf
Gregorius and Joachim Saborowski from the Faculty of Forest Sciences and Forest Ecology, University of
Göttingen. Joanna Setchell and two anonymous reviewers provided comments on the manuscript that greatly
improved an earlier draft.
Open Access This article is distributed under the terms of the Creative Commons Attribution License which
permits any use, distribution, and reproduction in any medium, provided the original author(s) and the source
are credited.
References
Andriantompohavana, R., Zaonarivelo, J., Engberg, S., Randriamampionona, R., McGuire, S., Shore, G., et al.
(2006). Mouse lemurs of northwestern Madagascar with a description of a new species at Lokobe Special
Reserve. Occasional Papers, Museum of Texas Tech University, 259, 1–24.
Banks, M. (2002). Littoral forest primate fauna in the Tolagnaro (Fort-Dauphin) region of southeastern
Madagascar. Bulletin of the American Society of Primatologists, 26, 1–8.
Buckland, S. T., Anderson, D. R., Burnham, K. P., Laake, J. L., Borchers, D. L., & Thomas, L. (2001).
Introduction to DISTANCE SAMPLING: Estimating abundance of biological populations. Oxford:
Oxford University Press.
Corbin, G. D., & Schmid, J. (1995). Insect secretions determine habitat use patterns by a female lesser mouse
lemur (Microcebus murinus). American Journal of Primatology, 37, 317–324.
Dammhahn, M., & Kappeler, P. M. (2008). Small-scale coexistence of two mouse lemur species (Microcebus
berthae andM. murinus) within a homogeneous competitive environment. Oecologia (Berlin), 157, 473–
483.
Dammhahn, M., & Kappeler, P. M. (2010). Scramble or contest competition over food in solitarily foraging
mouse lemurs (Microcebus spp.): new insights from stable isotopes. American Journal of Physical
Anthropology, 141, 181–189.
Ganzhorn, J. U. (1999). Lemurs as indicators for assessing biodiversity in forest ecosystems of Madagascar:
why it does not work. Tasks for Vegetation Science, 34, 163–174.
Microcebus berthae in Central Western Madagascar 569
Ganzhorn, J. U., & Eisenbeiß, B. (2001). The concept of nested species assemblages and its utility for
understanding effects of habitat fragmentation. Basic and Applied Ecology, 2, 87–95.
Ganzhorn, J. U., Fietz, J., Rakotovao, E., Schwab, D., & Zinner, D. (1999). Lemurs and the regeneration of
dry deciduous forest in Madagascar. Conservation Biology, 13, 794–804.
Ganzhorn, J. U., Goodman, S. M., & Dehgan, A. (2003). Effects of forest fragmentation on small mammals
and lemurs. In S. M. Goodman & J. P. Benstead (Eds.), The natural history of Madagascar (pp. 1228–
1234). Chicago: University Chicago Press.
Ganzhorn, J. U., Lowry, P. P., II, Schatz, G. E., & Sommer, S. (2001). The biodiversity of Madagascar: one of
the world’s hottest hotspots on its way out. Oryx, 35, 346–348.
Ganzhorn, J. U., & Schmid, J. (1998). Different population dynamics of Microcebus murinus in primary and
secondary deciduous dry forests of Madagascar. International Journal of Primatology, 19, 785–796.
Gibbons, M. A., & Harcourt, A. H. (2009). Biological correlates of extinction and persistence of primates in
small forest fragments: a global analysis. Tropical Conservation Science, 2, 388–403.
Goodman, S. M. (2003). Predation on lemurs. In S. M. Goodman & J. P. Benstead (Eds.), The natural history
of Madagascar (pp. 1221–1228). Chicago: University of Chicago Press.
Goodman, S. M., O’Connor, S., & Langrand, O. (1993). A review of predation on lemurs: Implications for the
evolution of social behavior in small, nocturnal primates. In P. M. Kappeler & J. U. Ganzhorn (Eds.),
Lemur social systems and their ecological basis (pp. 51–66). New York & London: Plenum Press.
Green, G. M., & Sussman, R. W. (1990). Deforestation history of the eastern rain forest of Madagascar from
satellite images. Science, 248, 212–215.
Hannah, L., Radhika, D., Lowry, P. P., II, Andelman, S., Andrianarisata, M., Andriamaro, L., et al. (2008).
Climate change adaptation for conservation in Madagascar. Biology Letters, 4, 590–594.
Hawkins, A. F. A., Chapman, P., & Ganzhorn, J. U. (1990). Vertebrate conservation in Ankarana Special
Reserve, Northern Madagascar. Biological Conservation, 54, 83–110.
Hawkins, A. F. A., Durbin, J. C., & Reid, D. B. (1998). The primates of the Baly Bay Area, north-western
Madagascar. Folia Primatologica, 69, 337–345.
Hunziker, W. (1981). Composition et structure d’une forêt dense séche caducifoliée de la côte ouest de
Madagascar. Fiche technique/Centre de Formation Professionelle Forestière “Fofampiala”, 1, 1–38.
Irwin, J. A., Samonds, K. E., & Raharison, J.-L. (2001). A biological inventory of the lemur community of
Réserve Spéciale de Kalambatritra, South-Central Madagascar. Lemur News, 6, 24–28.
Irwin, M. T., Johnson, S. E., & Wright, P. C. (2005). The state of lemur conservation in southeastern
Madagascar: population and habitat assessments for diurnal and cathemeral lemurs using surveys, satellite
imagery and GIS. Oryx, 39, 204–218.
Irwin, M. T., & Raharison, J.-L. (2009). Ecosystems in decay: factors influencing primate species extinctions
in forest fragments of Tsinjoarivo, Madagascar. American Journal of Physical Anthropology, 138(Suppl.
48), 155–166.
Irwin, M. T., Wright, P. C., Birkinshaw, C., Fisher, B. L., Gardner, C. J., Glos, J., et al. (2010). Patterns of
species change in anthropogenically disturbed forests of Madagascar. Biological Conservation, 143,
2351–2362.
Janzen, D. H. (1988). Management of habitat fragments in a tropical dry forest: growth. Annals of the Missouri
Botanical Garden, 75, 105–116.
Johnson, S. E., & Overdorff, D. J. (1999). Census of brown lemurs (Eulemur fulvus sspp.) in southeastern
Madagascar: methods-testing and conservation implications.American Journal of Primatology, 47, 51–60.
Kappeler, P. M., & Fichtel, C. (2012). A 15-year perspective on the social organization and life history of
sifaka in Kirindy Forest. In P. M. Kappeler & D. P. Watts (Eds.), Long-term field studies of primates (pp.
101–121). Heidelberg: Springer Science+Business Media.
Kappeler, P. M., Rasoloarison, R. M., Razafimanantsoa, L., Walter, L., & Roos, C. (2005). Morphology,
behavior and molecular evolution of giant mouse lemurs (Mirza spp.) Gray, 1870, with description of a
new species. Primate Report, 71, 3–26.
Kelley, E. A., Sussman, R. W., & Muldoon, K. M. (2007). The status of lemur species at Antserananomby: an
update. Primate Conservation, 22, 71–77.
Lahann, P., Schmid, J., & Ganzhorn, J. U. (2006). Geographic variation in populations ofMicrocebus murinus
in Madagascar: resource seasonality or Bergmann’s rule? International Journal of Primatology, 27, 983–
999.
Lehman, S. M. (2006). Effects of transect selection and seasonality on lemur density estimates in southeastern
Madagascar. International Journal of Primatology, 27, 1041–1057.
Louis, E. E. J., Coles, M. S., Andriantompahavana, R., Sommer, J. A., Engberg, S. E., Zaonarivelo, J. R., et al.
(2006). Revision of the mouse lemurs (Microcebus) of eastern Madagascar. International Journal of
Primatology, 27, 347–389.
570 L. Schäffler, P.M. Kappeler
Louis, E. E. J., Engberg, S. E., McGuire, S. M., McCormick, M. J., Randriamampionona, R., Ranaivoarisoa, J.
F., et al. (2008). Revision of the mouse lemurs, Microcebus (Primates, Lemuriformes), of northern and
northwestern Madagascar with descriptions of two new species at Montagne d’Ambre national park and
Antafondro classified forest. Primate Conservation, 23, 19–38.
Markolf, M., Brameier, M., & Kappeler, P. M. (2011). On species delimitation: yet another lemur species or
just genetic variation? BMC Evolutionary Biology, 11, 216.
Mittermeier, R. A., Konstant, W. R., Nicoll, M. E., & Langrand, O. (1992). Lemurs of Madagascar: An action
plan for their conservation, 1993–1999. Switzerland: Gland.
Myers, N., Mittermeier, R. A., Mittermeier, C. G., da Fonseca, G. A. B., & Kent, J. (2000). Biodiversity
hotspots for conservation priorities. Nature, 403, 853–858.
Olivieri, G., Zimmermann, E., Randrianambinina, B., Rasoloharijaona, S., Rakotondravony, D., Guschanski,
K., et al. (2007). The ever-increasing diversity in mouse lemurs: three new species in north and
northwestern Madagascar. Molecular Phylogenetics and Evolution, 43, 309–327.
Olson, D. M., & Dinerstein, E. (1998). The Global 200: a representation approach to conserving the earth’s
most biologically valuable ecoregions. Conservation Biology, 12, 502–515.
Radespiel, U., Olivieri, G., Rasolofoson, D. W., Rakotondratsimba, G., Rakotonirainy, O., Rasoloharijaona, S.,
et al. (2008). Exceptional diversity of mouse lemurs (Microcebus spp.) in the Makira region with the
description of one new species. American Journal of Primatology, 70, 1033–1046.
Radespiel, U., Ratsimbazafy, J. H., Rasoloharijaona, S., Raveloson, H., Andriaholinirina, N., Rakotondravony,
R., et al. (2012). First indications of a highland specialist among mouse lemurs (Microcebus spp.) and
evidence for a new mouse lemur species from eastern Madagascar. Primates, 53, 157–170.
Rahlfs, M., & Fichtel, C. (2010). Anti-predator behavior in a nocturnal primate, the grey mouse lemur
(Microcebus murinus). Ethology, 116, 429–439.
Rakotoarison, N., Mutschler, T., & Thalmann, U. (1993). Lemurs in Bemaraha (World heritage landscape,
Western Madagascar). Oryx, 27, 35–40.
Rakotonirina, L. H. F., Rajaonson, A., Ratolojanahary, J. H., Missirli, J. M., Fara, L. R., Raholijaona, et al.
(2013). Southern range extensions for the critically endangered black-and-white ruffed lemur Varecia
variegata and greater bamboo lemur Prolemur simus. Primate Conservation, 26, 49–55.
Randrianandianina, B. N., Andriamahaly, L. R., Harisoa, F. M., & Nicoll, M. E. (2003). The role of protected
areas in the management of the island's biodiversity. In S. M. Goodman & J. P. Benstead (Eds.), The
natural history of Madagascar (pp. 1423–1432). Chicago: University Chicago Press.
Rasoloarison, R. M., Goodman, S. M., & Ganzhorn, A. W. (2000). Taxonomic revision of mouse lemurs
(Microcebus) in the western portions of Madagascar. International Journal of Primatology, 21, 963–1019.
Rasoloarison, R. M., Weisrock, D. W., Yoder, A. D., Rakotondravony, D., & Kappeler, P. M. (2013). Two new
species of mouse lemurs (Cheirogaleidae:Microcebus) from eastern Madagascar. International Journal of
Primatology, 34, 455–469.
Réau, B. (2002). Burning for zebu: the complexity of deforestation issues in western Madagascar. Norwegian
Journal of Geography, 56, 219–229.
Rendigs, A., Radespiel, U., Wrogemann, D., & Zimmermann, E. (2003). Relationship between microhabitat
structure and distribution of mouse lemurs (Microcebus spp.) in northwestern Madagascar. International
Journal of Primatology, 24, 47–64.
Scales, Y. R. (2012). Lost in translation: conflicting views of deforestation, land use and identity in western
Madagascar. The Geographical Journal, 178, 67–79.
Schäffler, L. (2012). Determinants of population structure in the world's smallest primate, Microcebus
berthae, across its global range in Menabe Central, Western Madagascar. Ph.D. thesis, University of
Göttingen.
Scheumann, M., Rabesandratana, A., & Zimmermann, E. (2007). Predation, communication, and cognition in
lemurs. In S. L. Gursky & K. A. I. Nekaris (Eds.), Primate anti-predator strategies. New York: Springer
Science+Business Media.
Schmid, J., & Kappeler, P. M. (1994). Sympatric mouse lemurs (Microcebus spp.) in western Madagascar.
Folia Primatologica, 63, 162–170.
Schwab, D., &Ganzhorn, J. U. (2004). Distribution, population structure and habitat use ofMicrocebus berthae
compared to those of other sympatric Cheirogaleids. International Journal of Primatology, 25, 307–330.
Schwitzer, C., Mittermeier, R. A., Davies, N., Johnson, S., Ratsimbazafy, J., Razafindramanana, J., et al.
(2013). Lemurs of Madagascar – A strategy for their conservation 2013–2016 [Electronic Version].
Bristol: IUCN SSC Primate Specialist Group, Bristol Conservation and Science Foundation, and
Conservation International.
Smith, A. P., Horning, N., & Moore, D. (1997). Regional biodiversity planning and lemur conservation with
GIS in western Madagascar. Conservation Biology, 11, 498–512.
Microcebus berthae in Central Western Madagascar 571
Sorg, J. P., Ganzhorn, J. U., & Kappeler, P. M. (2003). Forestry and research in the Kirindy Forest/Centre de
Formation Professionnelle Forestière. In S. M. Goodman & J. P. Benstead (Eds.), The natural history of
Madagascar (pp. 1512–1519). Chicago: University Chicago Press.
Soulé, M. E., Mackey, B. G., Recher, H. F., Williams, J. E., Woinarski, J. C. Z., Driscoll, D., et al. (2004). The
role of connectivity in Australian conservation. Pacific Conservation Biology, 10, 266–279.
Sterling, E. J., & Rakotoarison, N. (1998). Rapid assessment of richness and density of primate species on the
Masoala peninsula, eastern Madagascar. Folia Primatologica, 69(Suppl. 1), 109–116.
Sterling, E. J., & Ramaroson, G. (1996). Rapid assessment of the primate fauna of the eastern slope of the RNI
d’Andringitra, Madagascar. Fieldiana Zoology, 85, 293–305.
Stoner, K. E., & Timm, R. M. (2011). Seasonally dry tropical forest mammals: Adaptations and seasonal
patterns. In R. Dirzo, H. S. Young, H. A. Mooney, & G. Ceballos (Eds.), Seasonally dry tropical forests:
Conservation and ecology (pp. 85–106). Washington, DC: Island Press.
Swihart, R. K., Gehring, T. M., Kolozvary, M. B., & Nupp, T. E. (2003). Responses of ‘resistant’ vertebrates to
habitat loss and fragmentation: the importance of niche breadth and range boundaries. Diversity and
Distributions, 9, 1–18.
Swihart, R. K., Lusk, J. J., Duchamp, J. E., Rizkalla, C. E., & Moore, J. E. (2006). The roles of landscape
context, niche breadth, and range boundaries in predicting species responses to habitat alteration.
Diversity and Distributions, 12, 277–287.
Thalmann, U., & Rakotoarison, N. (1994). Distribution of lemurs in central western Madagascar, with a
regional distribution hypothesis. Folia Primatologica, 63, 156–160.
Thomas, L., Buckland, S. T., Rexstad, E. A., Laake, J. L., Strindberg, S., Hedley, S. L., et al. (2010). Distance
software: design and analysis of distance sampling surveys for estimating population size. Journal of
Applied Ecology, 47, 5–14.
Thomas, L., Laake, J. L., Rexstad, E., Strindberg, S., Marques, F. F. C., Buckland, S. T., et al. (2009). DISTAN
CE 6.0 Release 1: Research unit for wildlife population assessment. UK: University of St. Andrews.
Yoder, A. D., Rasoloarison, R. M., Goodman, S. M., Irwin, J. A., Atsalis, S., Ravosa, M. J., et al. (2000).
Remarkable species diversity in Malagasy mouse lemurs (primates, Microcebus). Proceedings of the
National Academy of Sciences of the USA, 97, 11325–11330.
Zinner, D., & Torkler, F. (Cartographer) (2005). Menabe forest 2003 [forest classification map].
Zinner, D., Wygoda, C., Razafimanantsoa, L., Rasoloarison, R. M., Andrianandrasana, H., Ganzhorn, J. U.,
et al. (2013). Analysis of deforestation patterns in the central Menabe, Madagascar, between 1973 and
2010. Regional Environmental Change. doi:10.1007/s10113-013-0475-x.
572 L. Schäffler, P.M. Kappeler
